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CSUN/JPL Collaboration Program

« Funded by NASA’ s 2013 Small Spacecraft
Technology Program (1 FTE/yr for 2 yrs)

« Time frame: 11/1/2013 —9/27/2015

JPL Energy Storage Payload

CSUNSatl: 2U CubeSat
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JPL Hybrid Performance Testing
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SUNSat1 Launch from Cape on April 18”‘G
20171

"' \/

Northridg



JPL

CSUNSatl Launch from ISS on May 17, 2017,
041500 GMT!!
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Primary Mission
» CSUNSatl1flight system checkout

o Payload battery functional test.
o Charge/discharge in battery, supercapacitor, and hybrid mode.

» Payload thermodynamic performance
characterization

» High power (>5C-rate) tests @ nominal temperatures > 0°C
» High power (>5C-rate) tests @ low temperature < 0°C.

» Pass/fail Criteria:
> Both battery and supercapacitor functional. 100% success!
» Hybrid system is functional.

» Capacity loss on the battery is < 10%.
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Payload system checkout
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CSUNSat1 flight test data ~

Initial 24 hr charge cycle
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Nominal temperatures
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CSUNSat1 flight test data

Low temperatures
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CSUNSat1 flight test data

Low temperatures
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Extended Mission

» Battery life characterization

» Battery performance model development
» Model validation from CSUNSat1 flight data

» Pass/fail Criteria:
» Minimum of 10 full charge/discharge cycles. 0 :
» Functional predictive model capabilities. 100% success!
» Model fidelity < 5% error.
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CSUNSatl Operational challenges

o Telemetry SD card failed during extended
mission phase

o Thermal limitations of payload electronics
board from dissipation due to prolonged high
rate d ischarge_  CSUNSt btery gt dta- e i
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Battery Model Basics

sim_tf
Capacity(t) = J i dt
sim_t,
Capacity(t)

S0C =
100%Cap(Temp,usage)

V(t) =V,+n

Over-potential
n = Load * Impedances

Impedance = f(Ohmic,ChargeTransfer, MassTransfer)

Parameterization = Impedance(Temp,SOC, time)
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DC Impedance perspective
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Battery physics from ac impedance

—  Anode porous electrode Separator Cathode porous electrode  +

Charge-transfer

S
oo dlctote  Reprinted from Verbrugge, 2002. Ohmic Zr
Diffusion

Diffusion

-Zi
-Zi

Film
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> Basis for battery model: ohmic, charge-transfer, film, & mass-transfer

impedances. It has physical basis, easily measurable, and representable Callf()mla State UniVel'SitY

mathematically for modeling purposes. Northridge
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Circuit Modeling Fitting
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Hybrid Battery Model

Example of hybrid load distribution model:

5.00

| s |_sOUrce —— | _superczp —-—I_batt|

Wl I

| b ) !EE

Apply Kirchhoff’s current and 100 |
voltage laws:

Ijy = Ige + Ipgye 3.00

Current, Amps

0 20 40 60 80 100
q Simtime, Sec

fsource = I, * Rpgp + C
supercap

California State University

Northridge




Voltage Model Validation: ~

Transients
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o Voltage Model Validation: J

Temperatures

3.40
3.30 @
3.20
3.10

—0C
3.00

—10C
2.90
2.80 —20C
2.70
2.60
2.50 1

0 1000 2000 3000 4000 5000 6000 7000

Elapsed time, Sec

tate University

Northridge




Voltage Model Validation:

Current Rates
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Flight Simulation Test Case:
CSUNSatl payload telemetry

Discharge Voltage Profile - CSU 1 vs JPL Battery Simulation Model

s JPL Battery Simulation Model

Discharge Voltage Profile - CSU
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JPL simulated battery model successfully predicted
CSUNSat1 hybrid battery performance on flight. California State University
Northridge
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Ssummary

« CSUNSatl project is 100% successful in completing
both primary and extended mission phases.

« CSUNSatl operations provided flight heritage on an
enhanced low-temperature high power capable hybrid
energy storage system designed for deep space
applications.

« CSUNSatl cycle life flight telemetry provided validation
of an impedance-based battery modeling technique for
generic flight applications.

e Future work

s Development of CSUNSat2 for science applications.
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